The accommodation-vergence mismatch has been considered as a cause of the visual fatigue induced in watching 3D display. We would propose the mismatch can be compensated by refractive power of adjustable-focus 3D glasses. From lens optics and geometrical considerations, we also developed equations that calculate required refractive power of the 3D glasses. The compensation we proposed is supposed to reduce the visual fatigue of 3D display.
Introduction
Owing to rapid growth of three-dimensional (3D) TV and cinema industry, the visual fatigue problem of 3D display is drawing much attention. Although some researchers recently claimed that the accommodation-vergence mismatch (AVM) was not an essential cause [1, 2] , the AVM has been regarded as a main cause of the 3D visual fatigue [3] [4] [5] . A lot of ideas have been proposed to solve it [6] , most of which are still under development.
Here we would propose another solution based on optometry, giving some theoretical considerations on it.
Theoretical Background
A simple diagram of Fig. 1(a) depicts that the viewer is watching a two-dimensional (2D) display. N 1 and N 2 are the nodal points of left and right eyeballs. Visual axes of the viewer's both eyes converge to a fixation point (FP) on the 2D display with vergence angle of θ 1 .
Object lengths are N 1 -FP and N 2 -FP for left and right eye, respectively. (For simplicity, hereafter we will consider the left eye only. It is because the same considerations can be applied to the right eye.) The eye accommodation is defined as an inverse of the object length, so that accommodation of the left eye becomes 1/(N 1 -FP).
On the other hand in Fig. 1(b) , the viewer is watching a 2-view type 3D display, in which every frame of displayed motion pictures is divided into two pictures (FP 1 and FP 2 ) for stereoscopic vision. One picture is incident from FP 1 to the left eye while the other is incident from FP 2 to the right eye. As a result, artificial binocular disparity is induced, locating a virtual 3D image at V point with changed vergence angle of θ 2 . Although distance from the left eye to the virtual image is N 1 -V (≡ d V ), real object distance is N 1 -FP 1 (≡ d O ). It is because displayed real picture is not at V but at FP 1 . Likewise, accommodation of the left eye
It is well known that the accommodation and vergence angle are not independent but coupled with each other [7] . Strong accommodation and wide vergence angle must come together when object is at near point, while weak accommodation and narrow vergence angle do when object is at far point. The viewer feels visual discomfort if this coupling is broken.
Long object distance d O (that is, weak accommodation 1/d O ) with wide vergence angle θ 2 as depicted in Fig. 1(b) is quite unusual, and cause visual discomfort. This is the AVM that means a mismatch between viewer's accommodation and binocular vergence angle when he/she watches 3D display or head-mounted display. 
Compensation by Refractive Power of 3D Glasses
In Eq. (1), d I is the inter-vertex distance between the eye and 3D glasses lens. When Eq. (1) 
Although we considered a case that the virtual 3D image locates at V point in front of the 3D display, Eqs. (1) and (2) are also valid when the V point locates behind the display.
Focus-Adjustable Eye-Glasses
The compensation method discussed above is not a new one, but sometimes has been used for watching 3D pictures even from 1800s [8] . It seems impractical for motion pictures because location of the virtual 3D image and d V continuously change. To apply the compensation method to 3D TV and cinema, eye-glasses lens that can changes its refractive power has been required but imppossible.
Fortunately, focus-adjustable eye-glasses that can be utilized for this compensation method are invented just few years ago [9] . They are composed of liquid crystal panels that electrooptically diffract incident lights pixel by pixel, behaving like optical lenses as a result. By controlling external electric field applied to the pixels, its refractive power and focal length 5 are continuously changeable. We would like to propose that, combining the compensation method and focus-adjustable eye-glasses, we could solve the AVM problem and reduce the visual fatigue. According to Ref. 9, the focus-adjustable eye-glasses were originally developed for presbyopia, but their ability of changing refractive power is yet restricted to a range between -1 and +1 D. It is insufficient for utilization in 3D display system, so that further investigation is needed to enhance the range.
Estimation of Virtual Image Location
To make the focus-adjustable 3D glasses work in practice, we have to calculate (2) that is supposed to hold good approximately.
As to d O , it can be directly measured by signal communication between the 3D glasses and display. In the shutter-glasses type 3D glasses, 3D display has to continuously communicate with the 3D glasses for synchronization. Electronic measurement of d O may be possible if using this communication.
We also need d V to calculate D C . It is very hard to determine the depth perceived by human binocular vision, but geometric determination of the location of V point is relatively easy.
Assuming that the 3D display, the 3D glasses, and the viewer's both eyes are aligned parallel 6 to one another as shown in Fig. 3 , a proportional relationship given below is valid because triangles V-FP 1 -FP 2 and V-N 1 -N 2 are similar to each other.
In Eq. example, a 3D display monitor that adjusts the 'depth' by input parameter is commercially available [10] , therefore d FP must be a programming parameter that can easily be obtained from display.
Discussion
It is supposed that rapid change of the refractive power of eye-glasses can make the viewer feel dizzy. To avoid such dizziness, change of the refractive power of 3D glasses must not be 7 so sharp but smoothened. It is well known in optometry that the A-V coupling is not so strong that small mismatch does not cause visual discomfort. The smoothened change of refractive power and slightly broken A-V coupling would not induce 3D visual fatigue.
Such flexibility of the A-V coupling can also be useful for approximations in our operation scheme. In the above calculations, we adopted approximations of d I and d PD , and assumed that the 3D display, the 3D glasses, and the viewer's both eyes are aligned parallel to one another. These approximations and assumption can cause small error in estimation of D C , but flexibility of the A-V coupling is expected to buffer the error.
One of possible arguments against our proposal is that there exist multiple objects of different depths within a 3D scene. Even the V point of one object locates in front of the 3D display while that of another object locates behind the 3D display. Which object do we have to focus on? It is related to the visual attention problem in vision science, which is very complicate. Considering the problem just in an instrumental point of view, we think a possible solution is regarding normal direction of the 3D glasses as viewer's gaze. The direction can electronically be detected, and the refractive power is adjusted to the depth of object on the gaze. For more systematic solution, well-developed eye movement tracking technic can be adopted to detect viewer's gaze. Don't the multiple objects with various depths in a field of view cause any confusion? Maybe not. The situation is the same with natural vision, in which many objects exist with various distance in a field of view. The human eyes focus on an object with narrow view angle, so that the multiple objects with various depths in a 3D scene are not supposed to cause any confusion.
Various solutions have been proposed for the AVM problem, and most of them can be classified into two categories, wave front reconstructing or volumetric displays [6] . For the wave front reconstruction, the 3D display is the multi-view type or the holography type. Any solution to the AVM problem has not been considered for recently commercialized 2-view 8 type 3D displays. We think the compensation method using focus-adjustable lens is an expectable solution for the 2-view type 3D displays.
Concluding Remarks
We proposed that the AVM in 3D motion pictures can be compensated by refractive power of focus-adjustable 3D glasses. Mathematical equations are developed for calculation of 
